A thermodynamic simulation is used to study the effects of oxygen-enriched intake air on the performance and nitrogen oxide (NO) emissions of a locomotive diesel engine. The parasitic power of the air separation membrane required to supply the oxygen-enriched air is also estimated. For a given constraint on peak cylinder pressure, the gross and net power output of an engine operating under different levels of oxygen enrichment are compared with those obtained when a high-boost turbocharged engine is used. A 4% increase in peak cylinder pressure can result in an increase in net engine power of approximately 13% when intake air with an oxygen content of 28% by volume is used and fuel injection timing is retarded by 4 degrees. When the engine is turbocharged to a higher inlet boost, the same increase in peak cylinder pressure can result an improvement in power of only 4%. If part of the significantly higher exhaust enthalpies available as a result of oxygen enrichment are recovered, the power requirements of the air separator membrane can be met, resulting in substantial net power improvements. Oxygen enrichment with its attendant higher combustion temperatures, reduces emissions of particulates and visible smoke but increases NO emissions (by up to three times at 26% oxygen content). Therefore, exhaust gas after-treatment and heat recovery would be required if the full potential of oxygen enrichment for improving the performance of locomotive diesel engines is to be realized.
INTRODUCTION
Both railroads and engine manufacturers face a major challenge if they are to meet the standards for emissions of smoke, particulates, unburned hydrocarbons, and oxides of nitrogen (NO,) set forth in the U.S. Environmental Protection Agency's proposed regulations for locomotive diesel engines. Railroads also face an increasing demand for higher motive power so payloads in freight locomotives can be increased. Argonne National Laboratory and the Association of American Railroads initiated a cooperative research and development agreement to study the application of oxygen-enriched intake air as one method to meet the above challenges.
A number of analytical and experimental studies (e.g., Sekar et al., 1991a&b; Marr et al., 1993) have demonstrated the benefits of using oxygen-enriched intake air in diesel engines. Increasing the oxygen content of a reacting fueloxidizer mixture leads to faster bum rates and the ability to bum more fuel at the same stoichiometry (oxygen-to-fuel ratio). These effects have the potential to increase the thermal efficiency and specific power output of a diesel engine. The power increase from a given displacement engine can be suitably exploited to increase the number of locomotive cars or freight. In addition, oxygen enrichment can also be considered as a way to reduce the sudden loss in power output when locomotives operate in underground tunnels and at high altitudes.
When oxygen is added to the combustion air, emissions of visible smoke, particulates, and unburned hydrocarbons decrease significantly over a wide-load range as a result of the more complete combustion (e.g., Iida and Sato, 1988) . Added oxygen also leads to shorter ignition delays and offers the potential for burning lower grade and nonpetroleum fuels (Iida and Sato, 1988; . However, the increased oxygen content in the combustion air is also expected to increase NO, emission levels because of the higher combustion temperatures. The anticipated increase in NO, emissions could be controlled by retarding fuel injection timing and by using other state-of-the-art concepts such as exhaust post-treatment with monatomic nitrogen and lean-NO, catalysts. The objective of the work discussed here was to address, in a systematic way, the key technical issues associated with applying oxygen-enrichment technology to locomotive diesel engines. These issues include (1) optimizing the level of oxygen enrichment in the intake air (2) designing an air separation membrane and assessing its parasitic power requirements and (3) exploring the merits of injection retard for controlling peak pressure and NO emissions.
In the present work, an appropriately modified computer simulation of a turbocharged diesel engine was used to study the effects of oxygen-enriched intake air on the performance and NO emissions of a locomotive diesel engine. The physical and operating characteristics of an air separation membrane were briefly reviewed, and a simplified model was proposed to estimate the module size and parasitic power required to supply the desired oxygen-enrichment level in the intake air. On the basis of engine and membrane models, the net improvements in brake power achieved by an engine equipped with an air separation membrane to supply the oxygen-enriched intake air were computed. Use of oxygen-enriched air was compared with turbocharging to a higher inlet boost as a means to increase power output. The effects of retarded fuel injection timing were also studied in conjunction with oxygen-enriched intake air. Finally, the potential for enhanced exhaust heat recovery when using oxygen enrichment was assessed. Other aspects of oxygen enrichment, such as a reduction in particulates, smoke, and unburned hydrocarbons and the ability to burn lower grade fuels, are not the subject of this paper but have been studied earlier (e.g., Sekar et al., 1991a&b ).
SUMMARY OF DIESEL ENGINE SIMULATION
The model used for this study is based on a zero-dimensional, thermodynamic simulation of a turbocharged diesel engine (Assanis and Heywood, 1986) . The parent code was validated against test results from a Cummins engine (Assanis and Heywood, 1986 ) and modified to allow for various levels of oxygen enrichment in the intake air and for operation with wateremulsified fuels . This section briefly summarizes the main assumptions of the simulation. Additional details on the parent code can be found in Assanis and Heywood ( 1986) .
The diesel four-stroke cycle is treated as a sequence of continuous processes: intake, compression, combustion (including expansion), and exhaust. Quasi-steady, adiabatic, one-dimensional flow equations are used to predict mass flows past the intake and exhaust valves. The compression process is defined to include the ignition delay period (Le., the time interval between the start of the injection process and the ignition point).
The total length of the ignition delay can be either specified or predicted by using an Anhenius expression that is based on the mean cylinder gas temperature and pressure during the delay period. Combustion is modeled as a uniformly distributed heat release process. The rate of heat release is specified by using an algebraic burning rate correlation. Heat transfer is included in all the engine processes. Convective heat transfer is modeled by using available engine correlations that are based on turbulent flow in pipes. The characteristic velocity and length scales required to evaluate these correlations are obtained from a mean and turbulent kinetic energy model. Radiative heat transfer, based on the predicted flame temperature, is added during combustion. For this work, a heat release correlation that was developed earlier and was based on experimental data for oxygen-enriched diesel combustion (Assanis et al., 1993) was used, i.e., where m f,b is the instantaneous rate of fuel burning; mf,, is the total mass of fuel injected; 8 is the crank angle after ignition; A, B, C and D are adjustable parameters; and subscripts p and d correspond to the premixed and diffusion combustion phases, respectively. The adjustable parameters are determined by matching the experimental heat release rates against curve-fitted profiles generated by using the above heat release correlation (Equation 1). On the basis of measured heat release data of a single-cylinder diesel engine (Assanis et al., 1993) operating with an oxygen content in the range of 21% to 35% by volume and an overall equivalence ratio of about 0.5, the following values are recommended for the constants Ap =16.81 -0.61539%0,
The formation and destruction of thermal NO from atmospheric nitrogen have been studied widely on the basis of the extended Zel'dovich mechanism (Lavoie et al., 1970) , Le.,
For the purpose of implementing the NO kinetics model in the diesel simulation, the combustion chamber is divided in two zones: a burned zone containing products of combustion and an unburned zone containing air and residual gas. At any instant throughout combustion, an incremental flux of fuel given by Equation 1 that is accompanied by a stoichiometric flux of air is assumed to cross from the unburned zone to the burned zone. The products of combustion are assumed to be at the adiabatic flame temperature, resulting from combustion of a stoichiometric fuel-air mixture of specified oxygen content at the instantaneous unburned gas temperature and pressure (uniform within the combustion chamber). The kinetic rate of change of the concentration of NO in the postflame gases, along with appropriate expressions for its temperature-dependent rate constants, are obtained from Lavoie et al. (1970) . The instantaneous concentrations of NO, 0, 02, OH, H, and N, are approximated by their equilibrium values at the specified burned zone temperature and pressure. On the basis of a knowledge of the instantaneous concentration of NO in the burned zone, its overall concentration in the cylinder can be computed by multiplying the ratio of moles in the stoichiometric burned core times the total number of moles in the cylinder. Air delivered to engines can be oxygen-enriched in by selective permeation through nonporous, polymer membranes via a well-known "solution-diffusion" mechanism.
In this mechanism, air molecules dissolve into the membrane and then diffuse across it. A typical membrane process for air separation is shown in Figure 1 . The air is fed to the membrane device at an elevated pressure, where it passes across one side of the membrane. The opposite side of the membrane is held at a low pressure. The pressure differential across the membrane provides the driving force for the diffusion of oxygen and nitrogen across the membrane. Oxygen can diffuse more rapidly and become enriched in the low-pressure permeate stream, while nitrogen is concentrated in the retentate stream. mode because the differential pressures are higher than those of the vacuum mode, resulting in reduced membrane area requirements. However, the pressure mode is more energy intensive, because both permeate and retentate have to be compressed to higher pressures. Finally, in the mixed mode, the feed air is pressurized, and a partial vacuum is maintained on the permeate side to increase both the compression ratio and differential pressure and thus the oxygen concentration. The oxygen-enriched air stream from the permeate is then mixed with an ambient air stream to obtain the desired air flow and oxygen concentration. Figure 2 illustrates how a separation membrane operating in the mixed mode would be retrofitted on a turbocharged, multicylinder, diesel engine to enrich the oxygen content of the air delivered to its turbocharger compressor. Air separation membrane units can be operated in one of three modes as illustrated in Figure 1 : vacuum, pressure, or mixed. In the vacuum mode, the feed air is pressurized to only slightly above atmospheric pressure (about 1 to 3 psig), and a vacuum is maintained on the permeate side of the membrane. The retentate is vented at atmospheric pressure. The vacuum mode is typically more energy-efficient than the pressure mode, primarily because a vacuum is applied only on the permeate (product stream). However, because of the limited differential pressure, the vacuum mode requires a larger membrane area for a given flow rate than does the pressure mode. In the pressure mode, the feed air is typically pressurized (by an air compressor) to several atmospheres, while the permeate is maintained at about atmospheric pressure. Higher driving forces are obtained in this 
where N, is the flow rate of gas i (cm3 of STP/s); P,: is the intrinsic permeability of gas i in the membrane (cm3 of STPcm/cm2-s-cm of Hg); A is membrane area (cm2); 6 is the membrane separating barrier thickness (cm); and AP is the transmembrane partial pressure difference of gas i (cm of Hg).
Equation 4 indicates that the degree of separation between the gases clearly depends on the relative permeabilities of the gases to be separated. This ratio of gas permeabilities is known as selectivity or separation factor. The separation factor (a) between oxygen and nitrogen can be calculated as follows:
The larger the value of the separation factor is, the better is the separation. The stage cut (cp or recovery) of an air separator is another important measure of performance. It is simply the permeate flow divided by the feed flow rate.
The performance of an air separator depends on several other parameters such as membrane polymer structure, skin thickness, geometry of the fibers, fiber dimensions, flow pattern, feed direction, feed conditions, cartridge type, packaging density, and arrangement of separators. Details are provided in Winston Ho and Sirkar (1 992) and Koros and Chern (1 987) . The selection of a membrane to achieve the desired oxygen-enriched air flow is evaluated in terms of the power required to maintain the differential pressure across the membrane and the amount of space it occupies.
Various mathematical models and calculation methods for designing hollow-fiber membranes have been reported in the literature (Pan, 1986; Chern et al., 1985) . The development of a model to study all the performance variables and their tradeoffs would be quite exhaustive and beyond the scope of this paper. In the present work, a Du Pont proprietary code was made available to establish a relationship between the permeate oxygen concentration and stage cut under the specified input conditions listed in Table 1 and at several pressure ratios between the feed and permeate (ranging from 1.5 to 4) in the following form:
where % 0, is the permeate oxygen concentration; A, B, C, and D are third-order polynomial coefficients as a function of the pressure ratio between the feed and permeate; and cp is the stage cut. Equation 6 was used to compute the stage cut at several desired permeate oxygen concentrations. Perfluoro-2-2-dimethyl-1-3 dioxole copolymerized with tetrafluoroethylene, being developed at Compact Membrane Systems, Inc. (CMS), is being considered as a membrane material (Nemser and Roman, 1991) in the present model. From the stage cut, feed flow rates corresponding to the permeate flow rate and oxygen concentration can be computed. The pumping work can be computed from the pressure ratio between the feed and permeate and from the feed and permeate flow rates. In the absence of certain key design data, including the mean partial pressure of oxygen in the module and the fiber geometry, it is difficult to estimate membrane size. However, an attempt was made to demonstrate the influence of membrane properties and other design variables on the membrane's size and power requirements. For comparison purposes, a pressure ratio of 3.0 between the feed and permeate across the membrane was assumed, and the mixed mode was considered as a mode of operation (the mixing stream's concentration was 28% by volume and its flow was about 72% of the total engine air flow). The module size also varies with the active length of the fibers, which is, in turn, a function of pressure drop across the fiber tubes. For purposes of this study, the active length was 
RESULTS AND DISCUSSION

Engine Configuration
To explore the effect of various oxygen-enrichment levels in the intake air on engine performance and emissions, a representative IZcylinder, GE 12-7FDL locomotive diesel engine was selected, and the diesel engine simulation was applied to model its performance. The specifications of the engine geometry are given in Table 2 . Locomotive diesel engines are operated at a series of fixed settings (throttle notches 1 through 8), with each one providing a constant amount of power at a governed engine speed. Since turbomachinery maps were not available, the intake and exhaust manifolds were treated as constant pressure and temperature plenums. The intake plenum conditions were specified; the exhaust plenum conditions were predicted by means of ideal thermodynamic models of the compressor and turbine with specified efficiencies. The actual intake and exhaust valve events and the manifold control volumes and surface areas were obtained from a previous study conducted at the Southwest Research Institute (Markworth et al., 1993) . . .
Model Calibration and Val-
The diesel engine model was calibrated through minor tuning of its adjustable constants to correspond with the computation of the discharge and heat transfer coefficients and with overall friction for operation at Notch 8 (full load) with standard air.
The frictional losses were estimated on the basis of the Millington and Hartles correlation. The heat release correlation of Equation 1 was used; the values assumed for the adjustable constants were those predicted by Equation 2 for 21% oxygen content. Aeer air flow and other available brake quantities were matched within 2% at notch 8, the ability of the simulation to predict performance at six other notch positions (without any further tuning) was explored. Measured data for the GE engine at the various notch positions included input parameters such as engine speed, mass of fuel injected, intake and exhaust temperature and pressure, and volumetric efficiency. Output parameters included brake power, brake-specific fuel consumption (bsfc), brake mean effective pressure (bmep), air mass flow, aidfuel ratio; and brake thermal efficiency. Figure 3 compares predicted brake power, bsfc, bmep, and air mass flow rate with corresponding measurements at all six notch positions. Over the range of notch positions examined, the diesel engine simulation under predicted brake power, bmep, and air flow by about 2% to 7%, while it correspondingly overpredicted bsfc by about 2% to 7%. Although agreement between baseline engine predictions and data could be improved by further tuning the model constants, it was felt that such an exercise was not warranted. First, a complete and reliable experimental database at all notch positions (specifically pressure and heat release rate) was not available when the diesel engine simulation was being matched to the engine. Further, the present study is intended to assess relative performance changes when the intake air for the engine is supplied with various oxygen levels, not to focus on baseline engine performance predictions.
Engine Gross Per formance u nder Var ious 0 xveen--
Enrichment Le vels
A constant oxygen-to-fuel ratio was used as the basis to compare engine performance under different levels of oxygen enrichment in the intake air. The mass of fuel injected per cylinder per cycle was increased proportionally to the oxygen level in the intake air to maintain a constant oxygen-to-fuel ratio. The gross brake power, bsfc, bmep, and peak cylinder pressure obtained when oxygen levels ranged from 21% to 35% (by volume) are shown in Figure 4 at all six notch positions. The amounts of power that would be required by the membrane to supply the desired intake air oxygen concentrations are not captured in the gross performance estimates but will be accounted for in a subsequent section to arrive at net performance improvements. The model predictions indicate that cylinder brake power significantly increases when the intake air oxygen concentration increases from 21% to 35%. A substantial (10Y0) output improvement can be achieved as the result of a relatively small increase in oxygen content to 23% by volume, while up to 90% improvements can be achieved when the oxygen content is increased to 35%. When the intake oxygen content was increased from 23% to 35%, the cylinder brake output increased from about 10% to 90% at notch positions 8 through 5. At lower notch positions (4 and 3), the cylinder output increased even more, by approximately 12% and 1 10% at oxygen-enrichment levels of 23% and 35%, respectively. The enhanced power output resulting from oxygen enrichment was accompanied by higher brnep and lower bsfc. At notch 8, the bsfc decreased from 0.339 to 0.29 g/bhp-h (about 15% reduction) when the intake air oxygen level was increased from 21% to 35%. A similar reduction in bsfc was observed at other notch positions, more predominantly at lower notch positions (4 and 3). The implied thermal efficiency improvements are attributed to faster bum rates, particularly during the diffusion phase of combustion Sekar et al., 1991a) . Despite the advantages of lower bsfc, higher cylinder output, and higher bmep, the peak cylinder pressures were higher by about 3% to 35% when the intake air oxygen level was increased from 23% to 35"/0, respectively, over ambient air. However, the increase in peak cylinder pressure was smaller than the increase in cylinder output. This feature of the oxygen-enriched engine is attractive, particularly because some of the other techniques for increasing power output (increased compression ratio, high boost turbocharging) typically yield power improvements proportional to peak pressure increases.
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Effects of Fuel Injection Timing with Oxvve n-Enrichment
Oxygen-enriched combustion leads to shorter ignition delays, higher diffusion bum rates, and faster completion of the combustion process (Sekar et al., 1991a) . These effects should permit the fuel injection timing to be retarded to contain the peak cylinder pressure within a specified ceiling while still allowing some of the performance benefits resulting from oxygen enrichment to be realized. Retarded fuel injection timing should also help to lower combustion temperatures and NO formation levels associated with oxygen enrichment. Figure 5 shows the effects of fuel injection timing on the performance characteristics of an engine operating at full load (notch 8) with intake air at various oxygen-enrichment levels (23% to 30% by volume). As a result of retarding the fuel injection timing by four crank angle (CA) degrees, the deterioration in brake power, bsfc, and bmep was marginal (4%) compared with the decrease in peak cylinder pressure (about 7%). Retarding the injection timing further (up to 12 CA degrees) combined with oxygen enrichment resulted in a reduction in the engine power output and bmep of about 4% and an increase in bsfc of about 4%. However, the corresponding peak cylinder pressure decreased by approximately 22% almost uniformIy within the range of oxygen contents examined. The additional oxygen available in the combustion air shortened the ignition delay of the fuel-air mixture and thus the magnitude of the premixed heat release as captured by the heat release correlation.
In addition, the faster diffusion bum rates still allowed combustion to proceed in an optimal manner, so it reached its peak within 16 CA degrees after TDC for the optimal retarding of timing. Figure 6 illustrates an injection timing map showing the relationship between brake power and peak cylinder pressure for various oxygen levels in the intake air. By retarding fuel injection timing between 4 and 8 CA degrees for the various oxygen-enrichment levels, the peak cylinder pressure can be brought down to that achieved when standard air is used. The corresponding decrease in brake power and increase in bsfc at any particular oxygen-enrichment level was only about 3%. For example, at a constant peak cylinder pressure (like that of the base engine), the cylinder brake output increased by about 45% when the intake air oxygen level was increased from 21% to 30% Fig. 6 Fuel injection timing map: Brake power versus peak cylinder pressure at various intake air oxygen-enrichment levels and the fuel injection timing was retarded by about 8 CA degrees. The higher cylinder brake output at the same or a marginally higher peak cylinder pressure is clearly one advantage of oxygenenriched combustion over other methods of increasing the power output from a given engine displacement.
NO Emissions
Higher post-flame temperatures and oxygen concentrations during the combustion process result in high NO formation rates (Heywood, 1988) . For a given combustion chamber, NO emissions correlate with variations in the stoichiometric flame temperature, which is dependent on inlet pressure and temperature and the chemical composition of the fuel and oxidant (Plee et al., 1982) . In the present work, variations in the stoichiometric, adiabatic flame temperature with changes in the oxygen concentration in the combustion air were studied by keeping all other influencing parameters (inlet pressure, temperature, and fuel composition) constant. The instantaneous traces of adiabatic flame temperature and overall, bulk gas temperature when 21% and 26% oxygen concentrations were used are depicted in Figure 7 . When the intake oxygen concentration was increased from 21% to 26% (by volume), the peak stoichiometric flame temperatures and the gas temperatures were higher by about 240 K. This result can be readily explained, since the extra number of oxygen molecules in oxygen-enriched combustion displace nonreacting nitrogen molecules, which normally act as a diluent and cool down the flame. This result corroborates the correlation of adiabatic flame temperature with intake air effects, as established by several other researchers (Sawyer et al., 1973; Plee et a!., 1982) .
The NO formation histories during the combustion period are shown in Figure 8 for both ambient air and 26% oxygen-enriched intake air. Instantaneous NO concentrations are shown as a fraction of the contents in the burned core zone and the overall cylinder. The instantaneous NO concentrations were considerably higher with 26% oxygen-enriched intake air than with standard air. As combustion temperatures dropped, the NO concentrations froze at concentrations higher than equilibrium at the given temperature and pressure. The cycle-integrated, NO concentrations (as a fraction of the adiabatic burned gas and the Fig. 8 Effects of oxygen and injection timing on NO emissions in stoichiometric and overall combustion regions overall gas) are shown in Figure 9 for various oxygen-enrichment levels. Evidently, the NO emissions increased significantly when the intake air oxygen concentrations were increased. For instance, when the intake oxygen was increased from 21% to 26%, the cylinder-out NO emissions increased by about 2,100 parts per million (ppm). During operation at 30% oxygen content, the NO emissions increased by a factor of three, from 1,600 to 5,000 ppm. This increase in NO concentration corroborates previously published results on the effects of oxygen enrichment on NO emissions (Ghojel et al., 1983; Iida and Sato, 1988 ). Higher NO emissions, which are concomitant with higher combustion temperatures are one of the major drawbacks of oxygen-enrichment technology. As a possible remedy, fuel injection timing was varied to examine whether it could influence the NO formation associated with oxygen enrichment. When the injection timing was retarded, the peak cylinder pressure and maximum overall in-cylinder gas temperatures decreased. Fig. 9 Nitric oxide concentrations at different intake air oxygenenrichment levels
However, computations showed that engine-out NO emissions decreased by only 50 to 100 ppm when fuel injection timing was retarded 4 to 12 CA degrees and oxygen-enriched intake air was used. However, the NO emission reductions obtained as a result of retarding fuel injection timing were marginal compared with the NO emission increases obtained when the oxygen concentration was increased from 21% to 26%. This result can be attributed to the fact that retarding injection timing does little to affect flame temperature, which is dominantly impacted by an increased oxygen concentration in the air. It appears that other control technologies are needed to overcome the NO penalty associated with oxygen enrichment. Some methods that have been explored to keep NO levels reasonably low when oxygenenriched intake air is used include adding water in either the intake air or the fuel ) and using monatomic nitrogen induced by a pulsed arc, as a post-treatment device (Ng et ai., 1995) .
-@ An estimation of the power required by the membrane to supply the desired level of oxygen-enrichment is necessary to assess the net power improvement obtained from an engine operating with oxygen-enriched intake air. The simplified membrane model was used to compute the membrane power and size reauired for an engine operating at full load and different intake air oxygen-enrichment levels. The predicted variation in permeate oxygen concentration with stage cut at various feed-topermeate pressure ratios is shown in Figure 10 for CMS-3 membrane material. To yield high stage cut and high purity, both selectivity and permeability should be high; these properties are difficult to achieve because of the inherent tradeoffs between membrane permeability and selectivity. Data on the feed flow rate, permeate flow rate and pressure ratios across the module were used to obtain the membrane power data. The total isentropic work required to drive the membrane module to produce the desired oxygen concentration and the permeate flow rate under the three alternative operating modes are shown in Figure 11 . The pressure mode is clearly the most power intensive because the pumping work is done on the feed air. On the other hand, the mixed mode requires the least power for moderate levels (up to 26%) of permeate oxygen. At higher permeate oxygen levels, the vacuum mode requires less power than the other two modes; mainly because the purity of the oxygen concentration of the mixing stream is limited to 30% or less (by volume) when either CMS-3 or CMS-7 membrane material is used. The minimum amount of isentropic work required to yield a prescribed level of permeate oxygen under full-load engine operation (Notch 8) is shown in Figure 12 for both CMS materials. CMS-3 requires less power because of its selectivity and stage cut are relatively hihger than those of CMS-7. Table 3 compares some membrane performance parameters, including surface area, module volume, and isentropic work, required to supply 26% oxygen-enriched air to a locomotive engine operating at full load. The CMSJ module occupied more space but required less power than the CMS-7 module. The tradeoff between membrane size and power is apparent. This tradeoff is inherent in membranes because of thier intrinsic properties (permeability versus selectivity). For example, CMS-3 has a relatively low permeability but high selectivity and thus requires less power but a larger module size. Conversely, CMS-7 has a relatively high permeability but low selectivity and thus required more power but a smaller module size. The tradeoffs among membrane properties and operating modes suggest that a detailed optimization study should be conducted to arrive at the smallest possible size and lowest amount of power required for any given application.
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found to be about 4% to 15% when the intake air oxygen was increased to 23% and 30%, respectively. Evidently, the net brake power improvements obtained from the engine that used oxygenenriched intake air were considerably smaller than the gross cylinder output (without allowing for membrane work). Any reduction in membrane power requirements would directly enhance the net power improvements. However, for a detailed design and ultimate assessment of the membrane potential, more accurate computations of membrane power requirements should be carried out. They should consider all tradeoffs among membrane intrinsic properties and operating conditions.
Performance of the Enpine with Membrane SUDD lying OxvPen-Enriched Air
The work required by an air separator membrane to supply the desired oxygen concentration in the engine intake air has to be considered to evaluate the net brake output obtained from the engine. Computation of the parasitic power requirements of an air separator module involves optimizing several physical and operating characteristics of the membrane. Because design information is limited and there is no detailed membrane model, the accuracy of estimating membrane power requirements is compromised. However, for the preliminary membrane design arrived at in the previous section, membrane power requirements were estimated as a function of the permeate oxygen level for two candidate materials (Figure 12 ). Assuming that an air separator module made of CMS-3 membrane material and operating under the mixed mode supplies the desired oxygen concentration in the intake air, the net brake power output (cylinder brake power minus membrane work) was computed at full load, as shown in Figure 13 . On the basis of the present membrane model, the net engine power improvements were I +Without membrane work --c With membrane work I Fig. 13 Potential of brake power enhancement with oxygenenrichment at full load
Oxwen Enrichment versus Turbochareing
Turbocharging is a proven, practical method to obtain a higher power output than the natural aspiration from a given engine displacement. However, there are practical limits to boosting intake manifold pressure before the complexity and losses associated with compressing the air are increased considerably (e.g., need for two-stage turbocharging and intercooling). Use of oxygen-enriched intake air can be considered as an alternative or a complementary method to boost the power output. In the present work, an attempt was made to quantify the difference between highly boosted turbocharging versus oxygen enrichment plus regular boost, in terms of the brake power obtainable at any specified peak cylinder pressure.
To admit the same mass of oxygen per cycle as that which occurs with oxygen enrichment, turbocharging requires a considerably higher intake manifold pressure. At full load, turbocharging requires the intake manifold pressure to be increased from 35 to 57 psi to deliver the mass of oxygen equivalent to 21% to 35% oxygen enrichment levels, respectively. The same mass of fuel is injected in both cases, so that they operate with the same oxygen-to-fuel ratio. The considerably increased compression work resulting from the highly boosted air and its extra mass of nitrogen are reduced in the case of oxygen enrichment. As a result, the gross cylinder power obtained is considerably higher with oxygen enrichment than with high-boost turbocharging at any constant peak cylinder pressure (see Figure 14) . When the membrane power is subtracted from the cylinder output, the difference between oxygen enrichment and turbocharging appears to be minimal for operation at the base injection timing (Figure 14) . However, an oxygen-enriched engine, with its shorter delay and faster diffusion bum period, can afford injection timing that is retarded so that peak cylinder pressure is reduced, as discussed previously. When this strategy is followed, the net brake power obtainable at any constant peak cylinder pressure is higher with oxygen 9 RAMESH B. POOLA retarded by 4 CA degrees, a 4% increase in peak cylinder pressure could result in an increase in engine net power of approximately 13%, compared with an increase of only 4% by using turbocharging. In general, power enhancement with increased turbocharging is fairly proportional to the increase in peak cylinder pressure, whereas the benefit is almost doubled with oxygen enrichment. At a constant oxygen-to-fuel ratio, exhaust gas temperatures at the turbine exit were considerably higher (100 to 500 K) with oxygen enrichment than with turbocharging because of the higher flame temperatures of the former. If part of the additional exhaust energy what is available with oxygen enrichment were recovered, the net power improvement of the oxygen-enriched engine would be more attractive. To quantify the expected improvement, the difference in exhaust enthalpy past the turbine under operation with oxygen enrichment versus increased inlet boost was assumed to be recovered by using an organic rankine cycle with 20% overall thermal efficiency. The additional power obtained from the recovered exhaust energy was then added to the net brake power of the oxygen-enriched engine, as shown in Figure 14 . For a 12% increase in peak cylinder pressure, the net power obtained by using oxygen-enriched air with exhaust recovery increased from 14% to 25%, whereas the power improvement that resulted from using an increased inlet boost was only 13%. Hence, it is essential to recover part of the incremental exhaust energy with oxygen enrichment so that the net power improvements from a given engine are competitive with other conventional methods.
SUMMARY AND CONCLUSIONS
A thermodynamic diesel engine simulation and a simplified model of the air separator membrane were used to study the effects of different intake air oxygen-enrichment levels on the performance and NO emissions of a locomotive diesel engine.
The following conclusions can be drawn fiom this investigation: 1.
2.
3.
4.
5.
6.
At notch 8 (full load), when the intake air -oxygen concentration was increased from 21% to 35% (by volume) while a constant oxygen-to-fuel ratio was maintained in the combustion mixture, the cylinder brake output and brake mean effective pressure increased by up to 90%, and brakespecific fuel consumption decreased by down to 15%. However, the corresponding peak cylinder pressure increased by up to 35%.
Retarding the fuel injection timing when oxygen-enriched intake air is used has a beneficial effect with respect to peak cylinder pressure without imposing a severe penalty on power and fuel consumption. When various intake air oxygen levels between 23% and 30% (by volume) and retarded fuel injection timing (up to 12 degrees crank angle) were used, the peak cylinder pressure decreased by up to 22%, and only a marginal penalty (on the order of 4%) in power and fuel consumption resulted. NO emissions computed on the basis of adiabatic flame temperature increased by up to 4 times when the intake air oxygen concentration was increased from 21% to 35%. Although retarding fuel injection timing can somewhat reduce NO emissions associated with oxygen-enriched combustion, another post-treatment device is needed to comply with the NO emission standards.
To provide intake air with 23% to 30% oxygen content (by volume) for a 12-cylinder locomotive diesel engine operating at full load requires between 150 to 800 bhp to drive the auxiliary equipment; the corresponding membrane area is estimated to occupy between 10 and 30 cubic feet, depending on the desired level of oxygen enrichment. However, an extensive optimization of several membrane parameters is necessary to refine the estimates of membrane power and size for a desired enrichment level and air flow. On the basis of a preliminary membrane design and its power requirements, the net brake power improvement obtained from an engine operating with oxygen-enriched air (from 23% to 30% by volume) supplied by an air separation membrane was only between 4% and 15%. For the same inlet conditions, the cylinder brake output (without the parasitic membrane work) improved substantially, i.e. between 10% and 46%. Any reduction in membrane power requirements has an obvious direct impact on net power improvement. When peak cylinder pressure is controlled by retarding fuel injection timing, oxygen enrichment has the potential to result in greater improvements in brake power than those obtained by using other methods such as high-boost turbocharging. For instance, a 4% increase in peak cylinder pressure can result in a 13% increase in net engine power with oxygen enrichment but only a 4% increase with highboost turbocharging. In addition, recovering part of the increased exhaust energy through a bottoming cycle can make the oxygen-enriched concept far more attractive than other methods of boosting power at a constant peak cylinder pressure.
7.
Since the required modifications to the intake system are not complex, a membrane device can be readily retrofitted to inuse locomotives. Oxygen-enrichment technology promises to provide a significant power boost on sudden demand or continuously, alleviate concerns about certain exhaust emissions (visible smoke, particulates, and unburned hydrocarbons), and enable the use of lower grade fuels.
